ABSTRACT: Recent degradation and loss of tropical estuaries due to human impact have made necessary the protection of essential habitats for estuarine fishes. A better understanding of estuarine use patterns contributes greatly to identifying essential habitat conditions. This study presents quantitative reconstruction data of the salinity history experienced by individual estuarine fishes using an otolith oxygen isotope. δ
INTRODUCTION
Tropical and subtropical estuaries often support large numbers of fish species and individuals, and provide nursery habitats for juvenile fishes (Robertson & Duke 1987 , Nagelkerken et al. 2008 . Therefore, such estuaries are believed to be essential for high biodiversity in coastal ecosystems and local fisheries (Blaber 2000 , Manson et al. 2005 . In recent decades, however, tropical estuaries have been lost or degraded by human activities, including aquaculture, timber pro-duction and coastal urbanization ). Such alternations of habitats affect estuarine fishes, decreasing fish species richness and abundance (Shinnaka et al. 2007 , Mwandya et al. 2009 ), and thus conservation and management of tropical estuaries and estuarine fishes must be undertaken.
Recent degradation and loss of tropical estuaries due to human impact have made necessary the identification, prioritization and protection of essential habitats for estuarine fishes. Because fishes occurring in estuaries have different estuarine use patterns throughout their life histories (Elliott et al. 2007 ), understanding of such patterns may contribute greatly in identifying essential habitat conditions. Estuarine fishes typically include marine migrant species that spawn at sea and enter estuaries as juveniles (often in large numbers), and estuarine resident species that complete their entire life cycle within the estuarine environment, except the larval phases of some species (Elliott et al. 2007 ). For example, some lutjanid fishes, such as Lutjanus fulvus and L. fulviflamma, use estuaries as juveniles and move to marine habitats with growth (marine migrants) , Kimirei et al. 2013 , whereas the hemiramphid Zenarchopterus dunckeri spends its entire life cycle within an estuary (estuarine resident species) (Kanai et al. 2014) . To maintain fish populations, estuaries with unrestricted connections to marine areas are useful for most marine migrant species, but not for estuarine resident species, due to little or no larval input from marine areas and other estuaries. The latter species may be affected directly by estuarine habitat degradation throughout almost all life history stages, resulting in an increased risk of localized extinction. Accordingly, an estuary dominated by estuarine resident fishes may necessitate conservation and management on a small spatial scale (i.e. at each estuary or island). In contrast, for marine migrants, maintaining connectivity between marine and estuarine areas as well as avoiding crucial events which seriously decrease larval supply during their recruitment season may be im portant (Sheaves 2016) , requiring a broader spatial scale. For effective conservation and management of estuarine fishes, therefore, a better understanding of their estuarine use patterns and migration ecology between estuaries and marine areas is essential. However, the migration ecology of most tropical es tuarine fish species has not been well documented, partly because of the technical difficulties of studying individual fish movements (Kimirei et al. 2013) .
Reconstruction of migratory ecology using fish otoliths, which can compensate for such drawbacks, is a useful technique for understanding the habitatuse ecology of fishes. Although the Sr/Ca ratio of otoliths has been widely used to reconstruct fish migration (e.g. Tsukamoto et al. 1998 , Zimmerman 2005 , Amano et al. 2013 ), application to brackish water environments is sometimes problematic due to the small changes in salinity above 10 psu (Surge & Lohmann 2002 , Zimmerman 2005 , Brown & Severin 2009 ) and biological modification (Elsdon et al. 2008 , Sturrock et al. 2012 , Amano et al. 2015 . In contrast, oxygen isotopic composition of fish otoliths (hereafter δ 18 O otolith ) is essentially determined by the combination of temperature and the oxygen isotopic composition of ambient water (hereafter δ 18 O water ) (Radtke et al. 1996 , Thorrold et al. 1997 , Saka moto et al. 2017 , the latter in an estuary showing a large and marked geographic gradient associated with salinity, the so- O otolith is expected to be greater than that caused by temperature change (e.g. Amano et al. 2015) . However, there have been only a few cases where δ
18
O otolith has been used to determine individual salinity history associated with migration (e.g. Elsdon & Gillanders 2002 , Kerr et al. 2007 , Tanner et al. 2013 .
The aim of the present study was to quantitatively examine the salinity histories experienced by individuals representing 3 mangrove-inhabiting fish species and relate the findings back to the suspected ecology and life histories of the species. δ 18 O otolith values for reef (i.e. fully marine) and freshwater fishes were analyzed so as to establish extreme salinity (end-member) values for use as reference points for improved reliability in salinity estimation. Possible causes of error in quantitative estimation, and limitations and further improvements to the protocol for salinity reconstruction using δ
O otolith , are discussed.
MATERIALS AND METHODS

Study species
To determine the oxygen isotopic ratio of otoliths (δ 18 O otolith ) as end-members of salinity, namely in freshwater and marine environments, the kuhliid Kuhlia rupestris and the pomacentrid Chrysiptera cyanea were employed as appropriate representatives. Kuhlia rupestris is believed to be catadromous, usually occurring in freshwater, but migrating from freshwater to the ocean to reproduce (Lewis & Hogan 1987) . Chrysiptera cyanea is a typical reef-associated damselfish, widely inhabiting coral reefs, but never observed in estuarine areas To quantitatively reconstruct the salinity history of estuarine mangrove fishes, we used the apogonid Fibramia amboinensis, the pomacentrid Neopomacentrus taeniurus and the terapontid Terapon jarbua, the 3 species often being dominant in tropical East Asian estuaries (Nanjo et al. 2014a,b) . The former 2 species, small fishes usually associated with mangrove roots (Nanjo et al. 2014a,b) , are believed to spend most of their lives within estuaries, whereas the latter is a mobile marine migrant, occurring in estuaries as juveniles. Such estuarine use patterns throughout their life cycles are evidenced only by snapshot observations of their distribution and be havior (Whitfield 1990 , Nanjo et al. 2014a , Inoue et al. 2016b ; the generality of such patterns requires confirmation by more reliable methods, such as oto lith geochemistry.
Study site and samples
The study was conducted in the Urauchi River (24°24' N, 123°46' E), situated on the northern side of Iriomote Island, Ryukyu Islands, Japan (Fig. 1) . With a drainage area of 54 km 2 , the river is 39 km in length, feeding into Urauchi Bay. The brackish water zone ranges 8 km upstream from the river mouth, with mangrove forests dominated by the red mangrove Rhizophora stylosa. The tidal range within the river is approximately 1.5 m, and the prop roots are inundated at high tide and partially exposed at low tide. Detailed environmental descriptions of the study area have been reported elsewhere (Kanai et al. 2014 , Nanjo et al. 2014a . Summer seawater temperatures typically reach ca. 29°C (July), the lowest winter water temperatures being ca. 21°C (January or February), as observed at Ishigaki Island, about 50 km distant on a similar latitude (Shirai et al. In total, 39 fishes were sampled at 4 points (A−D) in the study area during ebb tide using small seine and dip nets (Fig. 1) . Ambient water salinity was measured at the same time by a Hydrolab Model Quanta Multi-Probe Meter. In August 2015, the estuarine fishes N. taeniurus (n = 7) and T. jarbua (n = 5) were sampled from point B (24 psu), whereas F. amboinensis (n = 18) was caught at point C (20 psu), the estuarine sampling points being 0.3 and 2 km from the river mouth, respectively. In September 2015, the marine fish C. cyanea (n = 5) was collected from sampling point A (34 psu), in the reef flats in Urauchi Bay, and K. rupestris (n = 4) was collected from point D (0 psu), in the upper freshwater area of the river. The standard length (SL) of each fish was measured and used for growth stage determination, based on the relationship between SL and gonad maturity (K. Nanjo et al. unpubl. data) . Fibramia amboinensis individuals > 49 mm SL were determined to be adults, whereas all T. jarbua individuals collected were juveniles. Although we had no data regarding mature sizes for N. taeniurus, the collected individuals likely included both juveniles and adults, judging from the maximum size of this species (85 mm SL) (Allen 1991) . Whole specimens were frozen for subsequent otolith analysis (see Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ m593 p127 _ supp. xlsx).
Two bottles of ambient water samples for oxygen isotope analysis were taken at 5 points, at salinities of 34, 24, 14, 4 and 0 psu ( Fig. 1) , from the marine bay to the mid region of the river during ebb tide on 27 and 28 August 2015, and kept in clean 20-ml glass vials.
Sample preparation and analysis
Sagittal otoliths were dissected out and adherent tissue was removed with tap water, before being dried and stored in a microtube. Otoliths were embedded in epoxy resin (Araldite Rapid R30) on a glass slide, ground with a graded series of alumina paste and subjected to final polishing with colloidal silica suspension. The polished section was cleaned with Milli-Q water for 10 min in an ultrasonic bath and dried.
Otolith growth increments were extracted using a high-precision micromilling system (GEOMILL326, Izumo-web). This comprised a micromill, digital microscope, video monitor and computer-controlled image analyzer, and enabled accurate positioning on a 1/1000 mm scale and drilling along a growth line with <10 µm precision (Sakai 2009 ). Otoliths were micromilled from the otolith margin to the core at intervals of approximately 100−300 µm (200 µm on average), to a depth of 100−300 µm (110 µm on average), depending on otolith size and shape, resulting in a powder of 30−500 µg (140 µg on average). In most cases, the core portion was broken when micromilling occurred too close to the core, possibly due to decreasing mechanical strength; accordingly, much core portion data could not be obtained. After each micromilling procedure, the otolith section was photographed using a digital microscope (VHX-5000, KEYENCE) to confirm the micromilling path. The width of the path was then measured using image analysis software (ImageJ, available at http:// imagej. nih.gov/ij/). Photographs were taken under reflected or transmitted light, whichever provided better visibility of growth patterns. After milling, the otolith powder was collected onto a piece of aluminum foil and transferred to a glass vial for isotope analysis.
The stable oxygen isotope ratio of each otolith (δ 18 O otolith ) powder sample was measured using an isotope ratio mass spectrometer (Delta V plus, Thermo Fisher Scientific), equipped with an automated carbonate reaction device (GasBench II, Thermo Fisher Scientific), installed at the Atmosphere and Ocean Research Institute, University of Tokyo, Tokyo. Otolith powder was introduced into a glass vial, flushed with pure helium and reacted with 100% phosphoric acid at 72°C. Liberated CO 2 was transported with the helium gas flow to the mass spectrometer. Detailed analytical conditions have been reported elsewhere (e.g. Kubota et al. 2017) . All isotope values are reported using delta notation with respect to Pee Dee Belemnite (PDB), based on an NBS-19 value of −2.20 ‰ for δ 18 O otolith. No correction was applied for the acid fractionation factor between calcite and aragonite (phosphoric acid−calcium carbonate reaction temperature 72°C; Kim et al. 2007b) . Repeated analysis of the NBS-19 standard yielded an external reproducibility of δ 18 O otolith measurements better than 0.14 ‰ (1 SD).
Oxygen isotope compositions of the water (δ 18 O water ) samples were determined using the Picarro L2120-i Analyzer at the Atmosphere and Ocean Research Institute, University of Tokyo. Before introduction into the analyzer, samples were filtered using a membrane filter (pore size: 0.45 µm, Toyo Roshi Kaisha) to reduce suspended particles and prevent blocking of the sampling line. Both bottles from each sampling point were analyzed and averaged values are presented, the deviations being smaller than long-term reproducibility. Data are reported in delta notation against the VSMOW (Vienna Standard Mean Ocean Water) reference standard. Long-term instrument reproducibility was ± 0.08 ‰.
RESULTS
Relationship between δ
O water and salinity
Oxygen isotopic ratios of water (δ 
Otolith oxygen isotope pattern
The results of otolith oxygen isotope (δ 18 O otolith ) determinations for individual specimens are shown in Table S1 and Fig. 3 , and characteristics of species δ
18
O otolith values are summarized in Table 1 . Species means were calculated from all increment data from all individuals. Species maxima and minima were chosen from all data from all individuals. Maximum and minimum specimen averages were obtained by averaging all data from an individual, and were taken from the highest and lowest values, respectively. Average variability within specimens represents the averaged value of fluctuation ranges within each individual. In O otolith ranged from −6.7 to −5.7 ‰ PDB , but did not show any clear trends (Fig. 3a) . We regarded the situation in which δ 18 O otolith decreased from the core toward the margin to a value lower than the highest recorded for the remaining section as the completion of entry into freshwater, and treated the remaining portion as representing freshwater habitat periods (hereafter freshwater periods). (-5.4 to -2.3 ‰, excluding one anomalous individual), N. taeniurus (−3.7 to -2.3 ‰) and T. jarbua (-3.0 to -1.8 ‰) corresponded to experienced salinity of 6 to 30 psu, 19 to 30 psu and 25 to 34 psu, respectively, following conversion to salinity using Eq. (2).
DISCUSSION
Usefulness of otolith oxygen isotopic ratios as proxies of experienced salinity
The agreement of the differences in δ
18
O values from otoliths of the catadromous Kuhlia rupestris (only freshwater periods considered) and the fully marine Chrysiptera cyanea with those of δ O otolith values can be used as reliable proxies for the ambient salinities experienced by fishes. δ
O otolith is considered to be formed near or at isotopic equi librium (Patterson et al. 1993 , Radtke et al. 1996 , Thorrold et al. 1997 , Høie et al. 2004 , Kitagawa et al. 2013 , Sakamoto et al. 2017 . Although several studies have pointed out the possibility of species-specific isotopic fractionation (e.g. Høie et al. 2004 , Storm-Suke et al. 2007 , Godiksen et al. 2010 , even in the extreme case of the temperature−δ 18 O otolith conversion equation of Godiksen et al. (2010) being taken as the highest output and that of Radtke et al. (1996) or Thorrold et al. (1997) as the lowest output of δ
O otolith calculated from a given temperature (e.g. 25°C), species dependency is less than ~2 ‰ (corresponding tõ 8°C). It should be noted that this estimation is a maximum range of species-specific fractionation, but also includes some effects of analytical method discrepancies, such as difference in reaction temperature and presence/absence of correction for the acid fractionation factor (Amano et al. 2015) . In most cases, a species-specific variation of ~1 ‰ (see Fig. 3 in Sakamoto et al. 2017) can be taken as an adequate estimate. The lack of a dietary effect on δ
O otolith (Radtke et al. 1996 ) also supports a small speciesspecific effect. Such evidence of the relatively small biological control of δ
O otolith reliably reflects the combined effects of temperature and the ambient water oxygen isotopic ratio. In addition, the fluctuation pattern of δ
O otolith associated with the growth of K. rupestris supports the reliability of δ
O otolith as an indicator of habitat salinity. Kuhlia rupestris lives in seawater during the juvenile stage, shifting its habitat to freshwater as it grows (Feutry et al. 2012) . In 3 of 4 individuals, δ 18 O otolith was high for the inner portion (corresponding to younger ontogeny), with δ
O otolith tending to decrease with growth. This was consistent with the ontogenetic migratory ecology of K. rupestris.
The difference in δ
O otolith among species seems to mainly represent differences in experienced salinity, even though river and seawater temperatures vary widely over the annual cycle and at a small spatial scale. The seasonal fluctuations in seawater and river water temperature around the study area of 8°C (Shirai et al. 2008 ) and 11°C correspond to 2 ‰ and ~3 ‰, respectively, in terms of oxygen isotopic fractionation under isotope equilibrium (Kim et al. 2007a ). In contrast, the δ O otolith values as representatives of annual mean temperature. The degree of discrepancy was 4°C, corresponding to 1 ‰. This difference may induce an accuracy error of 22% for absolute salinity estimation based on Eq. (2).
Seasonal fluctuations in δ
O water of freshwater as well as heterogeneous river water temperature in the water system may also influence δ 18 O otolith , but such an effect is considered to be less than 1.1 ‰ (the fluctuation range in K. rupestris during freshwater periods). However, a temperature gradient occurs across the salinity gradient and from upper to lower stream levels (e.g. Ushie et al. 2010 , Kanai et al. 2014 . Furthermore, in tropical and sub-tropical areas, hypersalinity conditions caused by active evaporation sometimes induces isotopic fractionation, which is independent of seawater−freshwater mixing (e.g. Gillanders & Munro 2012 , Walther & Nims 2015 . These environmental settings may induce systematic errors in salinity estimation; thus caution is required, especially when analytical resolution is much higher than that of seasonal otolith growth. On the contrary, the analytical resolution employed in the present study seemed to emphasize a representative habitat salinity by averaging seasonal temperature fluctuations. Therefore, the abovementioned possible cau ses of salinity estimation error are quantitatively small enough to allow the comparison of habitat salinity differences among species in the mangrove estuary.
Habitat-use ecology of mangrove fishes by salinity reconstruction
The estimated experienced salinity for Fibramia amboinensis and Neopomacentrus taeniurus was 6 to 30 psu and 19 to 30 psu, respectively. Despite all individuals having been collected from the same sampling points for each species, they demonstrated a wide range of salinity. However, averaged values from the otolith edge (-3.0 ‰ for both species) corresponded to 24 psu, close to the ambient salinity at the time of fish sampling, indicating that fishes with a wide range of experienced salinity history were gathered together locally, both species rarely inhabiting purely freshwater or seawater.
Both F. amboinensis and N. taeniurus are resident fishes, hovering near mangrove roots, although often schooling during the day. Since salinity fluctuates greatly in estuaries, resident fishes are usually exposed to a broad range of salinities. This was confirmed by the δ
18
O otolith variations among individuals collected at the same station. The wider range of averaged δ
O otolith values from each individual, and the higher averaged value of fluctuation ranges within each individual, indicated that F. amboinensis may tolerate lower salinity levels than N. taeniurus. In fact, the former occurred from lower to upper estuarine areas in the mangrove creek, whereas the latter was observed in lower and middle estuaries, but never in upper estuaries (Nanjo et al. 2014a ). Such occurrence patterns of both fish species along a salinity gradient have been noted in other estuaries (Inoue et al. 2016b ). Inoue et al. (2016a) examined tidal fluctuations in salinity and fish distribution in other tropical estuaries in the same region as the present study, and reported that F. amboinensis remained inactive, not changing their positions between high and low tides, whereas N. taeniurus avoided surface freshwater at ebb tides, moving closer to the substrata where high salinity water remained. These observations suggest that the 2 species may spend their entire post-settlement lives within an estuary. Such a behavioral ecology is largely consistent with their reconstructed salinity history from δ 18 O otolith data. δ 18 O otolith data also provide further insights into the migration behavior of F. amboinensis at a small spatial scale. The experienced salinity of F. amboinensis collected from point C (20 psu) ranged down to 6 psu, whereas the salinity at that point rarely decreased to below 10 psu, except for a limited duration during low tides, suggesting that individuals with lower experienced salinity may have migrated from the upper part of the creek. Unfortunately, such analysis could not be applied to N. taeniurus and Terapon jarbua because of the small sample sizes.
Additionally, most apogonids are known to incubate their eggs orally (Nelson 2006) , newly hatched apogonid larvae being relatively large (ca. 6 mm in total length) (Neira 1991) . Indeed, adult F. amboinensis with eggs in their mouths have been observed in spring in the Urauchi River estuary (K. Nanjo pers. obs.). In contrast, although little is known about the reproduction of N. taeniurus, the congeneric N. cyanomos spawns adhesive eggs that attach to hard substrata, a large male protecting them until hatching (the larvae are also relatively large, ca. 3 mm; Loh et al. 2013) . Larvae with a large body size usually have some swimming ability and in some species, they have the potential to actively modify their dispersal patterns (Fisher et al. 2000) . In addition, fish larvae hatched from demersal eggs are more developed in terms of swimming ability than larvae from pelagic eggs (Kobayashi 1989) , and are more likely to be able to remain near the natal habitat (Brogan 1994) . Accordingly, the large larvae of F. amboinensis and N. taeniurus, which may have some swimming ability that prevents them from being washed out to sea by ebb tide currents, may hatch and remain within the estuary. Based on these observations and δ
18 O otolith data, we suggest that F. amboi nen sis and N. taeniurus may be estuarine resident fishes, spending their entire larval phase to adult life within an estuary. However, supporting data for their reproduction and dispersal (i.e. ratio of individuals accidentally transported out of the estuary) during their larval phases are still insufficient because we were unable to analyze the inner otolith portion in either species.
In T. jarbua, in contrast, reconstructed experienced salinity corresponded to 25 to 34 psu. The salinity levels experienced were relatively narrower and higher than in the 2 estuarine residents, suggesting that T. jarbua prefers a relatively high salinity environment. Being a vagile species, able to move to estuarine areas of more suitable salinity, T. jarbua has been observed to enter the study mangrove creek at high tide (Nanjo et al. 2014a ), moving to lower areas (near river mouth) with high salinity water at low tide. Such movements, reflecting tidal cycles, may be responsible for their narrow salinity history as reconstructed from the δ 18 O otolith analysis. Terapon jarbua is believed to be a marine migrant (Whitfield 1990) , utilizing estuaries as juveniles, with the adults spawning in the sea. The present results indicated that juveniles of this vagile marine species may migrate briefly with high salinity water into estuaries. However, this needs to be confirmed by analysis of a greater sample size.
Advantages and limitations of the present study, and future perspectives
The use of δ
18
O otolith data for salinity reconstruction has both advantages and limitations compared with the use of trace elements. Because the concentrations of Ca and Sr in river water may be lower than those in seawater, the Sr/Ca ratio of environmental water does not change greatly in brackish zones where salinity is above 10 psu (Surge & Lohmann 2002 , Zimmerman 2005 , Brown & Severin 2009 Brown & Severin 2009) . Therefore, the response of the Sr/Ca ratio to salinity change decreased with respect to salinity increase. Furthermore, otolith Sr/Ca ratios are susceptible to strong biological control and do not reflect the composition of environmental water quantitatively or accurately (Otake et al. 1997 , Brown & Severin 2009 , Walther et al. 2010 . Kanai et al. (2014) validated the usefulness of the otolith Sr/Ca ratio as a salinity proxy for Zenarchopterus dunckeri, based on culture experiments from the same study area, and while they could distinguish between low (7 psu), medium (15 and 25 psu) and high (32 psu) salinity, separation of middle range salinities (between 15 and 22 psu) was impossible. Therefore, otolith Sr/Ca ratios are likely to prove difficult for reconstructing movements, particularly in water with salinities between 10 and 30 psu. As an alternative, Li/Ca (Kanai et al. 2014) , Ba/Ca (Elsdon & Gillanders 2004 , McCulloch et al. 2005 , Macdonald & Crook 2010 , Walther et al. 2011 and Sr/Ba ratios (Walther et al. 2011 ) have been proposed as proxies of experienced salinity, but validation experiments or evaluation of species dependency and ontogenetic effects are necessary for such use (Elsdon et al. 2008) .
The primary emphasis of the present study is the use of δ
O otolith for salinity reconstruction, as it is almost exclusively controlled by water temperature and δ
O water . Since biological fractionation is small, variations in water temperature and δ
O water are the only factors potentially responsible for errors in salinity estimation. If otolith dating was possible by backcalculating the number of growth rings from the date of collection, it would be possible to specify the date on which the sampled otolith portion was formed and estimate the water temperature on that day. This would enable the influence of water temperature to be subtracted, leading to an improvement in the accuracy of salinity estimation. Unfortunately, the oto liths examined in the present study did not show clear growth patterns, making the identification of annual or daily growth lines difficult, as seen in Fig. 4 (photographs of representative otolith crosssections) .
If the temporal resolution of micromilling and seasonal growth rate fluctuations did not change so much for each fish species, the fluctuation range of O water of precipitation on Okinawa Island, located ca. 480 km northeast of the study area (Uemura et al. 2012) , the δ 18 O water of precipitation is about -7‰ in summer when precipitation is high, compared with about -3 ‰ in winter (low precipitation). Accordingly, the δ
O water of rivers differs according to the relative amount of precipitation and groundwater input, as those sources vary over time (Kendall & Doctor 2003 O otolith . However, the timing of seasonal peak temperature and precipitation do not match exactly (Uemura et al. 2012) . Therefore, several factors exist that potentially induce fluctuations in δ
O otolith , but they are difficult to monitor in the river environment. To understand the δ
O otolith precipitated at the extremes of the isoscape, it is very useful to treat the otoliths of freshwater and seawater fishes as references, together with the target species. This makes possible the partial cancellation of possible factors that can affect δ 18 O otolith (other than salinity). The use of otoliths as references enables an evaluation of the influence of seasonal fluctuations via snapshot sampling over a short time period. In the present study, the relationship between salinity and δ
O water was clarified, but only as a single-time snapshot, based on water samples collected within 2 d. In fact, the actual range of annual fluctuation of the environmental water is still unknown; this is partly attributable to the small differences in freshwater− seawater δ 18 O water and freshwater fish−seawater fish δ 18 O otolith . In the present study, fish otoliths were used as end-members of the isoscape, but if possible, analysis along growth directions of aragonitic bivalve shells would be more informative, δ
O being produced under isotopic equilibrium, because it would provide time series and on-site information.
The salinity reconstruction using δ
O otolith in the present study also had limitations. Since ~100 µg of powder was used in the present study, the micromilling resolution was often lower than 100 µm, which is higher than that of trace element analysis using electron probe micro-analysis and laser ablation inductively coupled plasma mass spectrometry. As a result, short-term movements could not be detected, with only the average experienced salinity being apparent. Furthermore, although the composition of the oxygen isotope ratio of body fluid being in equilibrium with that of environmental water was a primary requirement, the time taken to reach equilibrium (and driving mechanisms) has not yet been clarified. In addition, analysis of the otolith core portion of most individuals was problematic due to technical difficulties, although these should be overcome by greater technical experience and development. Both these issues are also applicable to trace element analysis, but may be resolved by special technology for oxygen isotopic analysis, such as secondary ion mass spectrometry (Shirai et al. 2010, in press) or trace carbonate analysis (Ishimura et al. 2004 , 2008 , Kitagawa et al. 2013 , Saka moto et al. 2017 .
CONCLUSION
Reconstruction of the salinity history of 3 estuarine fishes (F. amboinensis, N. taeniurus and T. jarbua) using δ
18
O otolith was presented. The δ
O otolith ranges of F. amboinensis and N. taeniurus showed that they experienced a broad range of estuarine salinity levels compared with the relatively narrower and higher salinity history of T. jarbua. Field observations in previous studies have indicated that F. amboinensis and N. taeniurus may be resident fishes, hovering near mangrove roots and tolerating variable salinity environments, whereas T. jarbua may be a vagile species, Scale bars = 1 mm moving to areas of preferred higher salinity conditions. Such behavioral ecology is largely consistent with the reconstructed salinity history from δ
O otolith , suggesting that the former 2 species may be estuarine resident fishes, whereas the latter may be a marine migrant. The present results also indicated that the use of δ
O otolith for salinity reconstruction is reliable for addressing habitat use patterns and migration ecology of tropical estuarine fishes. Such studies are essential for establishing effective conservation and management policies for estuarine fishes.
